A method for coating iron with a mixture of aluminum, titanium and iron powder was successfully developed using laser-heating. The aluminizing process included control of the aluminum concentration on the iron surface. A double heating process is considered to be effective for homogenization of the coated layer.
Introduction
The addition of large amounts of chrome and nickel is employed to increase the oxidation and corrosion resistance of steels. Zinc or tin coating is often used for low-alloyed steels; however, the use of such elements can cause environmental problems. Some alloying elements, such as nickel and copper, are detrimental to recycling processes, due to the difficulty of removal when scrap steel is melted. Therefore, it is important to improve the corrosion and oxidation resistance of steels without the use of these elements. Aluminizing is considered to be an attractive alternative treatment in this respect. Aluminized steels are beneficial in the steel making process when they constitute part of the steel scrap, because aluminum acts as scavengers for oxygen in molten steel. A new powder liquid-coating method is proposed for the aluminization of iron.
1) Phase estimation during coating process and oxidation resistance of coated layer were discussed in the previous paper. 2, 3) The aim of this study is control of the surface aluminum concentration in the coated layer.
Principle
Homogenization of the coated layer is also examined in this work. Powder eutectic coating is an aluminizing process that uses a low melting point between the coating powder elements and substrate. The process progresses under low energy and sometimes forms a functionally graded structure. 4, 5) The proposed coating process is shown schematically in Fig. 1 . The low melting point of the Al 3 TiFe system is exploited for the coating process. The phase diagram of the FeAlTi system, also shown in Fig. 1 , shows the filled area having a melting point below 1473 K. The coating procedure is described as follows:
(1) Molten Al is easily formed due to its low melting point 6) ( Fig. 1(b) ). (2) An AlTi intermetallic compound (mainly Al 3 Ti) is formed between liquid Al and solid Ti ( Fig. 1(c) ). (3) The eutectic reaction between Al 3 Ti and Fe progresses ( Fig. 1(d) ).
(4) A completed aluminum coating is obtained ( Fig. 1(d) ). X-ray diffraction results (not shown) of the coated layer indicated single phase ¡-ferrite.
2) The mixed coating powder includes titanium with the aim to accelerate formation of Al 3 Ti as an intermetallic compound. The Al 3 TiFe eutectic reaction can therefore occur below the melting point of Al 3 Ti and Fe and the process can be implemented using low energy.
However, although titanium is not desirable for hightemperature oxidation resistance, the addition of titanium is necessary to form the Al 3 Ti intermetallic compound and avoid the agglomeration of molten aluminum.
2) A coated layer with 10 mol% titanium exhibited good oxidation resistance at 1073 K. 3) Heating is conducted using a furnace 1) or laser.
2) The coated layer produced by this method has a thickness of approximately 60 µm, which is much thicker than a layer produced by the chemical vapor deposition (CVD) method. The advantage of the present method is selective area coating in the case of laser-heating, which contrasts with conventional methods such as pack cementation.
Experimental Procedure
A schematic illustration of the specimen preparation process is presented in Fig. 2 . Commercially available pure iron plates (99.5 mass%, 12 © 12 © 2 mm 3 ) were prepared as substrates for use in this investigation. Pure iron was selected as the substrate material to study the mechanism of coating the Fe/AlTi system without considering the influence of other elements. Aluminum powder (<3 µm diameter particles), titanium powder (<25 µm diameter particles) and iron powder (<50 µm diameter particles) were mixed in a polyvinyl alcohol (PVA) solution. The sheet material (ca. 100 µm thick) was prepared by drying the PVA and powder mixture, and was then placed on the iron substrate and heated with a YAG laser. The atomic ratio of aluminum in the sheet material without iron is 80%. The aluminum content in the sheet material with iron was varied to 16, 40 and 64 mol%, as shown in Table 1 . The specimens that were heat treated using these sheet materials are denoted 16AL, 40AL and 64AL, respectively.
Laser-heating was conducted by cyclic linear scanning. The distance between the lines was 0.2 mm. During laser-heating, the energy was controlled to approximately 0.7 J and the scanning speed used was 60 mm/min.
Surface observation was conducted using a CCD microscope. The microstructure of the coated layer was observed by scanning electron microscopy (SEM) with cross-sectioned specimens. The chemical compositions of the coated layers were analyzed by energy-dispersive X-ray spectroscopy (EDX).
Results and Discussion
Figures 3(a) and 3(b) show surface and cross-sectional SEM images of the coated layer, respectively, using the sheet material without iron. No cracks, voids, or peeling were observed in the coated layer. The SEM image shown in Fig. 3(b) was obtained in backscattered electron imaging mode, so that the brighter area suggests a higher concentration of iron. EDX line analysis of the coated area revealed the concentration of aluminum in the coated area was approximately 40%, and that of iron and titanium were 50 and 10%, respectively. The compositional distribution in the depth direction was almost constant in the coated layer.
Aluminum rich layers are often destroyed by thermal shock, due to the difference in thermal expansion between the coated layer and substrate. However, a low concentration of aluminum may induce a decrease in the oxidation resistance. Therefore, it is important to control and carefully select an appropriate aluminum concentration for the coated layer with consideration of its application purpose. To control the aluminum concentration, iron powder is added to the sheet material. Figure 4 shows the aluminum concentration in the coated layer of the 16AL, 40AL and 64AL specimens. The scanning speed was 20 mm/min and the distance between lines was 0.3 mm. The aluminum concentration of the coated layer increased with the aluminum content in the sheet material, which indicates the possibility of controlling the aluminum concentration in the coated layer. However, differences in the aluminum concentration over the coated layer were observed for high aluminum contents. In order to homogenize the concentration of aluminum in the coated layer and improve the thermal shock resistance of the coating, a double heating process was developed. The double heating process simply involves re-scanning with laser-heating. EDX analysis results for coated layers prepared using the AlTiFe powder paste after single and double heating processes are shown in These results indicate that the double heating process accelerates the diffusion of aluminum and titanium elements into the iron substrate and contributes to homogenization of the coated layer. Diffusion of the coating elements into the substrate is considered to result in a decrease of thermal stress, so that thermal shock resistance may be achieved by reducing this stress concentration. 
Conclusions
(1) Powder eutectic coating using a mixture of aluminum, titanium and iron powder on an iron substrate was successfully performed using a laser-heating method. (2) The concentration of aluminum in the coated layer can be controlled by preparation of sheet material consisting of an appropriate powder mixture. (3) A double heating process was effective for homogenization of the aluminum concentration over the entire coated layer.
